We present a comparative study of broadband electrodynamic properties of coplanar waveguides made from nonlinear dielectric single-crystal and thin-film %Ti03 (STO) with high-temperature superconducting thin-film YBa2Cu3O7.6 electrodes. The waveguides that use single-crystal STO exhibit a monotonic increase in refractive index. dielectric nonlinearity, and dissipation with decreasing temperature (from 80 K to 20 K), whereas those based on thin-film STO show similar but weaker effects with increasing temperature. Under dc bias, both types of waveguides show reduced refractive index, but dissipation increases in the case of single-crystal STO. while it decreases in the case of STO thin-films.
INTRODUCTION
Most potential applications of nonlinear dielectric (NLD) materials such as SrTiO, (STO) would require thin films of both the NLD and appropriate electrodes on a low-loss substrate. However, at present, even the highest quality NLD films show much smaller dielectric constant and nonlinearity, and higher dielectric losses than their singlecrystal NLD counterparts."] Also, the functional dependence of dielectric properties on external electric field bias seems to be quite different in thin films (for example, whereas the dielectric loss decreases with bias in thin films, it increases in single crystals).
[*] To assess the practical implications of such differences in electrodynamic characteristics, we have studied the comparative performance of singlecrystal and thin-film STO in prototype waveguide device configurations.
To facilitate extensive study of nonlinear and dissipative effects, we have adopted a time-domain measurement te~hnique,'~' which allows for separation of dc-bias effects and high-frequency effects, and uses electrically-distributed transmission line concepts for analysis. The use of distributed coplanar waveguides has enabled us to investigate the high-frequency properties of STO with high resolution because of the long interaction lengths. Further, the use of narrow Gaussian pulses has allowed us to characterize the waveguides in a broad frequency band, from dc up to 3 GHz.
EXPERIMENTS AND RESULTS
For this study, we have designed, fabricated and characterized three 
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Transm 'ssion for Gaussian-ImDulse h~u t For quantitative analysis of broadband electrodynamic characteristics of the waveguides we have examined spectral components of Gaussianpulse TDT response, as shown in Fig. 4. Fig. 4 shows that the delay, i.e., effective rektive index of Waveguide-A is about an order of magnitude larger that of Waveguides-B and -C. Figme 6 shows attenuation vs frequency for Waveguide-A and Waveguide-B (for brevity, we will show only Waveguide-B results for thin films in the remainder of the paper since Waveguide-B and Waveguide-C exhibit very similar characteristics). We note that the waveguides based on singlecrystal and thin-film STO show a marked difference in their attenuation characteristics; while Waveguide-A exhibits increasing attenuation with decreasing temperature and increasing bias, Waveguide-B exhibits just the opposite; attenuation decreases with decreasing temperature and increasing bias. By making the plausible assumption that the measured attenuation is dominated by dielectric losses in the waveguide, we can calculate the effective loss tangent of the dielectric naedium of the waveguides,[q as shown in Fig. 7 show Virtually temperature-independent dielectric nonlinearity, but decreasing refractive index and attenuation with decreasing temperahm.
With bias, both types of waveguides show decreasing refractive index. However, the attenaution increases in the waveguide based on singlecrystal STO, but decreases in the thin-film waveguide with increasing bias. Neither type of waveguide shows any appreciable dispersion under zero bias up to a few GHz, but under bias and at low temperature, the single-crystal waveguide exhibits a weak linearly decreasing refractive index with increasing frequency.
